A deep K s -band photometric catalogue of galaxies at the core of the rich, nearby Norma cluster (ACO3627) is presented. The survey covers about 45 ′ ×45 ′ (slightly less than 1/3 Abell radius), which corresponds to ∼ 0.8h
INTRODUCTION
The Norma cluster (ACO 3627; Abell, Corwin, & Olowin 1989) at (l, b, v) = (325
• , -7
• , 4844 km s −1 ) is the nearest rich, massive cluster of galaxies (Kraan-Korteweg et al. 1996; Woudt 1998) , with properties comparable to the Coma cluster (Mazure et al. 1998) . It has remained relatively unexplored in comparison to its well known counterpart, mainly because of its location at low Galactic latitudes in the southern Zone of Avoidance (ZOA) where dust extinction and star crowding dilute its appearance. The Norma cluster's prominence -and importance with regard to the dynamics of the local Universe -was only realized in the late 1990s (Kraan-Korteweg et al. 1996; Böhringer et al. 1996) . This paper presents a deep near-infrared Ks-band survey of the central part of the cluster. It is the second in a series of papers on the properties of the Norma cluster. Paper I was dedicated to a dynamical analysis of the cluster (Woudt et al. 2008 ). An introduction to the cluster and its relevance to the Great Attractor overdensity and local cosmic flow fields is discussed there.
Observations in the near infrared (NIR) wavelength ⋆ Email: skelton@mpia-hd.mpg.de range are useful for penetrating the ZOA: dust extinction is up to an order of magnitude smaller in the NIR than in the optical. The NIR has further advantages. While starforming regions are bright at optical wavelengths, making optical observations particularly sensitive to galaxies where star formation is taking place, the NIR is much less affected by short bursts of star formation and therefore a better indicator of galaxy mass . The NIR has the advantage of high resolution and sensitivity to both spiral and elliptical galaxies, compared to longer wavelength regimes where instruments have limited resolution and are sensitive to nearby late-type galaxies. As a result, the NIR provides information on the underlying mass distribution of galaxies. An additional consideration for evolutionary studies is that k-corrections in the NIR are smaller than in the optical and less dependent on galaxy type. The NIR is thus useful for comparisons over a range of redshifts. The deep Ks-band images obtained for this investigation cover the central 0.8 Mpc 2 of the Norma cluster. The survey is close to 3 magnitudes deeper than the 2 Micron All Sky Survey (2MASS, Skrutskie et al. 2006 ) and has much better seeing and spatial resolution (0.45 arcsec pixels compared to 2 arcsec pixels). The latter is particularly important since the combination of low resolution and high star density creates a "NIR" Zone of Avoidance which affects the com-pleteness of the 2MASS Extended Source Catalogue (XSC) at the location of the Norma cluster (Kraan-Korteweg 2005; Kraan-Korteweg & Jarrett 2005) .
Based on the survey, the Ks-band luminosity function (LF hereafter) for the cluster is determined. The LF is a probability distribution, describing the relative numbers of galaxies of different magnitudes within a particular environment. It is a fundamental tool for observational cosmology and the study of galaxy formation and evolution (Binggeli, Sandage & Tammann 1988) . Both the local field LF and those of nearby clusters are used for comparison with higher redshift samples to study the evolution of galaxies.
The Coma cluster has been used as the archetypal rich zero-redshift cluster in a number of LF studies, dating back to the 1980s (see for e.g. Thompson & Gregory 1980; Andreon, Cuillandre & Pelló 2000) . The Norma cluster now provides an ideal opportunity to test and complement existing knowledge on local clusters, due to the recent development of techniques to deal with ZOA data (e.g. automated star-subtraction with routines such as killall; Buta & McCall 1999) and infrared array detectors that can image large areas in the NIR. The NIR Ks-band LF determined for the Norma cluster can be used as a comparitive tool to examine changes in cluster composition -both locally and with increasing redshift -and thus explore galaxy evolution in dense environments.
An introduction to LFs and summary of recent determinations for clusters and the field are given in Section 2. Section 3 provides details of the NIR observations of the Norma cluster and describes the data reduction process, including star-subtraction and photometry. In Section 4, the results of the survey are presented. The Ks-band catalogue is described and cross-referenced with the optical catalogue of Woudt & Kraan-Korteweg (2001) and the distribution of the objects and their properties are examined. The LF is derived in Section 5 and compared to those of other clusters and environments. A Hubble constant of H0 = 70 km s −1 Mpc −1 is used throughout this work.
LUMINOSITY FUNCTIONS
The general LF Φ(M ) is a probability distribution over absolute magnitude (M ) (Binggeli, Sandage & Tammann 1988) . It can usually be well described by the function 
proposed by Schechter (1976) . M * , α and φ * are free parameters representing the characteristic magnitude (the "knee" in the curve), the faint end slope and the normalisation, respectively. The Schechter function is essentially a power-law at the faint end and an exponential at the bright end. The Schechter function parameters are found to be remarkably similar for the field and cluster environments, despite the differences in density and relative fractions of morphological types.
Not all clusters can be modelled by a Schechter function, however. The Virgo cluster, for example, has a LF with a "double wave" structure (Binggeli, Sandage & Tammann 1988) . Clusters containing cD galaxies seem to have a steeper bright end than those without cD galaxies. Often the brightest galaxy is excluded to obtain a better fit, particularly in cD clusters. The Schechter parameters have also been found to vary depending on the region sampled within the cluster, the size of the area and the limiting magnitude (Andreon 2001) .
The relatively recent development of wide-field arrays such as the NICMOS (256 × 256) and HAWAII (1024 × 1024) HgCdTe detectors enabled LFs in the near infrared to be determined over much larger areas than was previously possible. Up until the mid 90s, deep surveys were only possibly for small areas, making it difficult to determine a local field LF in the NIR (Huang et al. 1997) or image large enough areas over nearby clusters. The first determinations of the NIR field LF using a wide-field NIR selected survey were made by Gardner et al. (1997) and Szokoly et al. (1998) .
The number of galaxies with NIR photometry and redshifts increased by an order of magnitude with 2MASS (Skrutskie et al. 2006) , making it possible to determine a NIR LF for a sample comparable to the optical, for the first time. Cole et al. (2001) and Kochanek et al. (2001) determined NIR LFs based on 2MASS Second Instrumental Release data, while Bell et al. (2003) used Sloan Digital Sky Survey (SDSS) and 2MASS XSC to find optical and NIR luminosity functions. Jones et al. (2006) have improved on this yet further, using 2MASS photometry and a subset of the 6-degree Field Galaxy Survey (6dFGS). The characteristic magnitude obtained was -24.60 ± 0.03 mag, with a faint end slope of -1.16 ± 0.04. Their findings suggest that a Schechter function is not an ideal fit to the LF, although the parameters obtained agree well with previous determinations. Table 1 summarises the most recent cluster LF determinations in the NIR. Here M * refers to the characteristic magnitude in the wavelength band given in Column 3. The Coma cluster is the most comprehensively studied, in both the optical and NIR bands. The NIR LF has been found to be consistent with the optical LF, shifted by the mean colour in magnitudes . A number of authors have found a dip in the optical LF at B ∼ −18 mag (see for e.g. Mobasher et al. 2003) , corresponding to the transition between giant and dwarf galaxies. Jerjen & Tammann (1997) find the dip to be prominent in the Centaurus and Fornax LFs but less so for Virgo. Mobasher et al. (2003) suggest that the dip may be caused by the contribution of the earlytype galaxies at the bright end, which could be better fit by a Gaussian, while the faint end could be fit by a power law. This is supported by observations of a similar dip in the NIR LF of Coma at H ∼ −22 mag , which suggests that it is not the result of increased star formation at the bright end due to the hostile cluster environment, but rather due to the morphological mix of galaxies.
The Schechter parameters depend on the location and size of the area surveyed and the depth of the survey. This can be seen from the variation in the parameters, for example those of Andreon (2001) in Table 1 , where different regions of the same cluster have been analysed using the same techniques. Andreon (2001) find that the slope of the LF is shallower in higher density regions towards the centre of the cluster, because the relative number of bright galaxies (Wainscoat & Cowie 1992) .
increases while the number of dwarfs decreases. The range in parameters suggests that useful comparisons between cluster LFs can only be made when corresponding areas are surveyed to similar depth (Jerjen & Tammann (1997) ).
OBSERVATIONS AND DATA REDUCTION
A survey of the Norma cluster in the near infrared was undertaken with the Simultaneous 3 colour InfraRed Imager for Unbiased Surveys (SIRIUS) on the Infrared Survey Facility (IRSF), the 1.4-m Japanese telescope at the South African Astronomical Observatory (SAAO) site in Sutherland. SIRIUS allows simultaneous observations in the J (λ = 1.26 µm), H (λ = 1.63 µm) and Ks (λ = 2.14 µm) bands. It has three 1024 × 1024 HgCdTe (HAWAII) arrays. The field of view is approximately 7.8 × 7.8 arcmin 2 and the pixel scale is 0.45 arcsec per pixel (Nagashima et al. 1999; Nagayama et al. 2003) .
Forty seven slightly overlapping fields were observed during three observing runs in June and July 2001 and July 2002, covering an area within 1/3 Abell radius of the cluster (approximately 0.6
• ; Woudt et al. 2005) . Thirty dithered 20-second exposures (10 offset positions along a 30 arcsec circle from the central position) were combined for each field, giving a total exposure time of 600 seconds per frame, in each of the three bands. Near infrared standard stars (Persson et al. 1998) were observed for photometric calibration. The seeing varied from approximately 1.1 to 1.6 arcsec with a mean full width at half maximum (FWHM) of 1.35 arcsec (Woudt et al. 2005) . Dark current subtraction, sky subtraction and flat-fielding were done using tasks in the Image Reduction and Analysis Facility 1 (IRAF) and the data reduction pipeline written by Yasushi Nakashima 2 . Astrom- Abell radius (0.6 • ). The dots represent galaxies found in a deep optical search (Woudt 1998; Woudt & Kraan-Korteweg 2001) . They identified 106 galaxies within the survey area.
etry was done using the IRAF task ccmap (see Section 3.1). The astrometrically-calibrated images were processed to remove the majority of point sources, as described in Section 3.2. Objects in the "cleaned" images were identified using Source Extractor (SExtractor, see Section 3.3).
The Norma cluster is located at a mean heliocentric recession velocity of 4844 ± 63 km s −1 (Woudt 1998) . This translates to a velocity of vCMB = 4928 ± 63 km s −1 in the cosmic microwave background (CMB) rest frame (Kogut et al. 1993 ) and a distance of 70h −1 70 Mpc, assuming that the cluster is at rest with respect to the CMB. Us-ing this distance and a k-correction of -0.05 mag (see Glass 1999) , the distance modulus for the Norma cluster becomes
where A(l, b) is the galactic extinction. The 47 fields cover an area of ∼ 0.6 square degrees, corresponding to 0.8h
70 Mpc 2 at the distance of the cluster. The survey region is outlined by the solid line in Fig. 1 Woudt et al. 2008 ). The dots represent galaxies found in a deep optical search using SRC IIIaJ sky survey plates (Woudt 1998; Woudt & Kraan-Korteweg 2001) .
Astrometry
Astrometry was done using the IRAF task ccmap, using stars from the 2nd generation of the Digitized Sky Survey (DSS2) images to find the astrometric solution. This was tested by comparing the positions of objects identified by SExtractor to their counterparts in the 2MASS point source catalogue (PSC; Skrutskie et al. 2006) . For 6488 point sources, the standard deviation in RA and Dec was found to be σ = 0.18 arcsec. Sixty-nine extended sources were matched to objects in the 2MASS XSC, with a standard deviation of σ = 0.4 arcsec.
Star subtraction
Images of the galaxies in the Norma cluster are severely affected by star-crowding, due to the low galactic latitude location of the cluster. It is necessary to clean the images of foreground stars before accurate photometry of the galaxies can be derived. Buta & McCall (1999) developed an IRAF routine known as killall to deal with this problem for the IC 342/Maffei group of galaxies. killall is built around the tasks in the daophot package (Stetson et al. 1987 ). The daophot psf task builds a two-component model of the point spread function (psf), by fitting a function to a number of stars across the image. The parameters of the analytic function are found by fitting the chosen psf stars, weighted by their signal-to-noise ratios. The psf is then used to subtract stars from the image. We applied three runs of killall in the cleaning process, described in detail in Skelton (2007) . The cleaned image is interactively edited using imedit, to remove spikes from saturated stars, residuals from bright stars and other cosmetic defects resulting from the cleaning process. In a few cases bright stars covering galaxies are not removed by killall. These are dealt with individually. The galaxy is modelled using the ellipse and bmodel tasks within the isophote package. Sigma-clipping is applied to mask out the star light on the first iteration. The model galaxy is subtracted from the original using imarith. The overlapping stars are then clearly visible and can be subtracted by fitting the psf to them. In cases where the stars are saturated, this is not successful and an imedit aperture replacement is used. The model of the galaxy is then added back.
A section of field 6 before and after the star removal process is shown in Fig. 2 . The original image after data reduction is given in the left hand panel, and the "cleaned" image after star subtraction in the right-hand panel. Woudt et al. (2005) tested the star removal process by adding star fields of similar density to that of the Norma cluster region to calibration galaxies with well-determined magnitudes and comparing their original photometry to that after star subtraction. They found the differences in magnitude to be negligible ( ∼ < 0.01 mag on average), demonstrating the effectiveness of this method for dealing with foreground stars.
Photometry
After the star removal process, each image is run through SExtractor (Bertin & Arnouts 1996) . A background mesh size of 64 pixels and filter size of 5 meshes were used for all the fields. The parameters were optimised by comparing the photometry of stars in test fields with those matched in the 2MASS PSC (see Section 3.3.1). The detection threshold was chosen to be 3σ above the background value. A gaussian convolution mask, adjusted to match the average seeing, was used to improve the detection of faint sources.
Blended objects made up of neighbouring stars were identified by eye and used as test cases to find the best value of the deblending parameters. Increasing the parameter controlling the number of thresholds to 64 and using a minimum contrast of 0.001 improved the separation of overlapping objects.
There are four types of photometry that can be output by SExtractor: isophotal, corrected isophotal, aperture and Kron or Auto photometry. For consistency, we have chosen to use the Auto magnitude as an estimate of the total magnitude for all the identified galaxies.
Photometric consistency checks
The filter system of SIRIUS on the IRSF is approximately the same as that of 2MASS, allowing for the direct comparison of photometry. The IRSF survey of the Norma Cluster improves on the data for this region provided by 2MASS, due to the depth of the survey and differences in resolution of 2MASS and the IRSF (2.0 arcsec vs. 0.45 arcsec per pixel). When candidate galaxies are included in the sample, the completeness limit of this survey is two magnitudes fainter than the nominal completeness of 2MASS (Ks = 15. m 25 vs. Ks = 13. m 1, Jarrett et al. 2000) and about 2.5 mag fainter than the estimated completeness at the latitude of the cluster (Jarrett 2004) . The higher spatial resolution of the IRSF makes it possible to separate stars and extended sources to a greater extent, thus improving star subtraction for large galaxies.
The photometry of point sources and extended sources was compared to that of corresponding objects in 2MASS, yielding a standard deviation of σm = 0.2 mag, with no significant trend found.
Point sources identified in overlapping borders of adjacent fields were used to check consistency between fields. Generally of the order of 100 objects per field had counterparts on an adjacent field. Nine test fields were compared with the fields surrounding them, thus covering the whole region. No systematic differences in photometry over the region were found. The mean difference in magnitude and standard deviation are < ∆Ks >= −0.016 ± 0.004 mag, σ = 0.157 mag.
These results reflect the maximum difference, since the objects compared are all near the edges of the images, where their parameters are least well determined.
Some point sources were found in one field but not in an overlapping field. This was initially a cause for concern, but can be attributed to differences in image quality and the star-removal process. For example, objects towards the right-hand edge of some of the images show systematic elongation. Faint stars in affected fields appear to be extended sources. The star may be completely removed during the cleaning process on another field where the seeing is better and thus only identified on one of two overlapping fields. This was taken into account during the final selection of extended sources, where objects were examined by eye in each of the images in which they appear.
Star-galaxy separation
A number of techniques have been used to distinguish between stars and galaxies, usually based on two parameters, such as the magnitude and central surface brightness or magnitude and isophotal area. Objects identified by SExtractor are classified as stars or extended sources, using a Neural Network (NN) to distinguish between them. Classification is difficult for faint and blended objects. In the ZOA, the star crowding and extinction make the problem even more severe. The stellarity index given by SExtractor was unable to clearly separate stars and galaxies for objects with Ks ∼ > 11 mag, becoming unreliable for most objects beyond Ks = 13 mag. For this reason, we decided to identify galaxies by examining the images by eye. More uncertain cases are found in images with worse seeing: faint stars are blurred, becoming indistinguishable from extended sources, groups of faint stars may appear to be nebulous and even bright blended stars may appear to be a single elongated object. Bright blended stars can be distinguished from galaxies be- cause the SB of stars drops off rapidly compared to extended sources.
Possible extended sources identified by SExtractor were classified by examining each image by eye. The resulting catalogue was compared to the deep B-band catalogue from the IIIaJ Sky Survey plates (Woudt 1998; Woudt & Kraan-Korteweg 2001) . Deep uncalibrated RCband images (Markus 2006 ) were used to confirm or reject objects as galaxies, or assign them "candidate" status if classification was still uncertain. The RC -band images typically have less than 1 arcsec seeing and higher spatial resolution of 0.237 arcsec/pixel compared to the Ks band image resolution of 0.453 arcsec/pixel. They are thus useful for resolving pairs or groups of stars identified as possible galaxies in the Ks-band.
PROPERTIES OF THE OBSERVED GALAXIES
The catalogue of objects identified in the Ks-band contains 390 objects, 235 of which are classified as galaxies and 155 as candidate galaxies. The first fifteen entries of the catalogue are shown as an example in Table 2 . The full catalogue and a description of the column entries are given in Appendix A.
The distribution of objects, in Galactic coordinates, and contours of equal Galactic extinction determined from the IRAS/DIRBE maps (Schlegel, Finkbeiner & Davis 1998) are shown in Fig. 3 . The galaxies are marked with large filled circles, while candidate galaxies are shown as small open circles. The contours correspond to lines of constant extinction in the Ks-band, with values of AK s = 0.07, 0.08, 0.09 and 0.1 mag, respectively. The extinction in the Ksband is only 9% of that in the B-band. It is worth noting that the small variation in mean Ks-band extinction over the regarded survey region implies that the contribution of extinction to uncertainties in the estimated completeness and luminosity function will be negligible, despite the location of this cluster in the ZOA.
Sample completeness
The completeness limit was estimated using the method described in Garilli, Maccagni & Andreon (1999) and Andreon, Cuillandre & Pelló (2000) . Galaxies will not be detected when their central surface brightness (SB) drops below the detection threshold at a particular magnitude. The relationship between maximum SB, given by SExtractor, and the Auto magnitude is shown in Fig. 4 . In this figure galaxies are indicated by open circles, while candidate galaxies are shown as crosses. The thick solid line is a linear fit to all the objects (+1σ and -1σ are shown as dash-dot lines).
The dashed line indicates the SB detection limit. Galaxies to the right of the SB limit, yet below the dotted line (the intercept between the SB limit and the fitted relation) are not detected. The completeness limit is thus given by the solid line, at the magnitude where the SB limit intersects with the -1σ relation, rather than with the dotted line. The completeness limit determined in this way is Ks = 15.74 mag. The slope of the relationship between surface brightness and magnitude changes slightly and has smaller scatter if the candidate galaxies are excluded from the fit. This results in a completeness limit of Ks = 15.10 mag. Fig. 5 shows a histogram of the number of galaxies and candidates per 0.5 mag bin. The completeness limits including and excluding candidates are indicated by the dashed and dotted lines, respectively. It is apparent from the figure that the number of reliably identified galaxies begins to drop for Ks ∼ >14.5 mag, although the total number of objects increases to Ks ∼ 16 mag. We adopt Ks = 14.75 mag as the limiting magnitude for the determination of the LF; this sample consists of 170 galaxies and 14 candidates.
Comparison with optical data
Counterparts for 101 of the 235 (43%) of the galaxies in our catalogue have counterparts in the catalogue obtained from a deep optical search using the IIIaJ film copies of the SRC sky survey (Woudt & Kraan-Korteweg 2001) . Only five galaxies identified in the optical were not detected in the Ks-band. The BJ -band magnitudes and extinctions of these galaxies are given in Table 3 , along with the estimated Ks-band magnitudes they would have if they are assumed to be late-type galaxies with a colour of BJ − Ks ∼ 2. The brightest galaxy (WKK6369) can be seen on two of the fields, however it is partially obscured by a saturated star and thus was not detected by SExtractor. WKK6255, WKK6141 and WKK6408 were all identified by eye as low surface brightness galaxies but not extracted by SExtractor, while the faintest galaxy (WKK6410) was difficult to identify by eye. In the case of WKK6255, a comparison with the original image showed that a star was removed very close to the galaxy. These results suggest that the detection of low surface brightness galaxies may be influenced by star-subtraction and that the completeness is lower than expected from the surface brightness-magnitude relation, how- Figure 5 . The number counts in half-magnitude bins. The shaded region represents likely galaxies, while the unshaded region represents candidate galaxies. Galaxies with velocities less than 8000 km s −1 are assumed to be members of the cluster, shown with the darkest shading. Non-members have the second darkest shading, galaxies with no spectroscopic information have diagonal shading and the remaining region represents candidate galaxies. The completeness limits including and excluding candidates are shown by the dashed and dotted lines, respectively. a Covered by a saturated star in the Ks-band image ever these 5 galaxies amount to less than 5% of the sample of galaxies with BJ -band magnitudes in the region. An additional 89 galaxies (38%) were previously identified on deep RC-band images of the Norma cluster taken with the Wide Field Imager on the MPG/ESO 2.2-m telescope. Velocity information is available for 102 galaxies (43% of the total galaxy sample); these velocities come from a variety of observations following our Zone of Avoidance redshift surveys (SAAO: Woudt, Kraan-Korteweg & Fairall 1999 , MEFOS: Woudt et al. 2004 complemented by additional pointed observations of the Norma cluster members with 2dF (see Woudt et al. 2008 for details regarding the optical and near-infrared target selection of the 2dF observations). Galaxies with velocities greater than 8000 km s −1 (N = 9) are assumed to be background galaxies. The mean velocity of cluster galaxies in the survey area with velocity information, excluding the ones with v > 8000 km s −1 , is 4816 km s −1 with a dispersion of 978 km s −1 . This agrees well with the value derived in paper I on the dynamical analysis of this cluster for the inner 1/3RA, which was found to be 4777 ± 86 km s −1 , σ = 973 km s −1 for 129 cluster members.
THE KS-BAND LUMINOSITY FUNCTION

Derivation of the luminosity function
The magnitudes of each galaxy are corrected for extinction using the colour excess given by the IRAS/DIRBE maps (Schlegel, Finkbeiner & Davis 1998) , converted to a magnitude correction using the NIR extinction law of Cardelli, Clayton & Mathis (1989) . No correction is made for stellar confusion because the majority of stars have already been removed during the star subtraction process. The number of objects that are misclassified as galaxies is also reduced by classifying all the objects by eye. Uncertain cases are labelled as candidates, thus the LF determined for certain galaxies can be seen as a lower limit.
The largest source of uncertainty in the determination of the LF is the correction per magnitude bin for background contamination. This is often done statistically through a control field away from the cluster, though this can lead to signficant systematic errors (see e.g. Andreon, Punzi & Grado 2005 , for a detailed discussion). However, background contamination can also be assessed when membership assignment is available for a (fair) fraction of the cluster sample. In our case, spectroscopic information is available for 99 of the 170 Ks-band galaxies brighter than the completenesss limit (58%). Although our number counts are lower, we will follow the method used by Mobasher et al. (2003) to correct a large spectroscopic survey in the Coma cluster for incompleteness. This approach is similar to that of Biviano et al. (1995) , who make a statistical estimate of the membership fraction to confirm an estimate based on selection in the colour-magnitude plane. There is a potential bias introduced by this method due to the selection being based on a spectroscopic sample which might favour bluer galaxies. It should be noted though that in this case the spectroscopically observed galaxies were selected from both optical and NIR samples. Moreover neither aimed for a given magnitude completeness limit, hence a 'systematic' colour bias is not expected. For reassurance in this regard, we compare the LF obtained with this spectroscopic method with that obtained by subtracting K-band galaxy counts of field samples. As is shown later, these vary only for the faintest bins and have no influence on the LF parameters, which are stable for the last three magnitude bins used for the fitting of the LF. We only include galaxies with Ks < 14.75 mag in the discussions of the LF henceforth, because the membership fraction beyond this is not reliably determined (only two galaxies have redshifts, one of which is a member of the cluster).
Cluster membership
Let the number of galaxies in the area covered by the Ksband survey with spectroscopic information be Ns(m), in a given range of apparent magnitude. None of the galaxies in the spectroscopic sample have velocity ∼ < 2000 km s −1 , which would place them as foreground galaxies. All galaxies with velocities less than 8000 km s −1 are thus assumed to be members of the cluster. Of the 99 galaxies with velocities, 8 (8%) are background. Let the number of galaxies that are members and non-members of the cluster as a function of magnitude be Nm(m) and Nnm(m) respectively. The fraction of galaxies satisfying the membership criterion in each magnitude bin is then
The membership fraction, presented in Table 4 , gives the probability that a random galaxy drawn from the spectroscopic sample will be a member of the cluster, as a function of magnitude. The number of members is a binomial random variable, with the probability of "success" given by the true membership fraction for each of the Ns trials. The error in the membership fraction, shown in brackets in Table 4 , is thus given by
The luminosity function
The number counts in the Ks-band photometric sample (Np(m)) and spectroscopic sample (Ns(m)) per magnitude bin are shown in Fig. 5 . The darkest shading refers to members of the cluster, as defined above, the cross-hatched area to non-members, the diagonal shading to galaxies without spectroscopic information and the open histogram the total number of objects in the photometric sample, including candidate galaxies. If the spectroscopic sample reflects the proportions of members and non-members that can be expected in the full photometric sample, the number of galaxies without velocity information that are cluster members can be estimated as f (m)Nnv(m), where Nnv(m) is the number of galaxies without velocity information, in a given range of apparent magnitude. The LF can then be estimated as
where A is the survey area (Mobasher et al. 2003) . The relative error in the LF is given by the quadrature sum of the relative errors in Np(m) and f (m), so
The number of galaxies in the photometric sample is a Poisson variable, which has variance equal to its expectation value, while the variance of the membership fraction is given by Equation 3. This results in a relative error of
Equation 6 reduces to 1/ Nm(m) if all the galaxies in the photometric sample at magnitude m have spectroscopic data and 1/ Np(m) if all the galaxies in the spectroscopic sample at magnitude m are members of the cluster. The LFs determined from the membership-corrected galaxy counts are plotted in the top panel of Fig. 6 . The black histogram shows the raw counts, while the circular data points represent the LF obtained applying the above method to the total number counts (left-hand column of Table 5 ) and the triangular data points to certain galaxies only (candidates excluded), as given in the right-hand column of Table 5 . The two LFs are very similar over the entire magnitude range considered.
A correction for background contamination can also be made by subtracting an estimate of the field LF from the raw counts found in the cluster region. In the top panel of Fig. 6 we show the field counts from Glazebrook et al. (1994) as a blue dashed line and the field-subtracted LF with blue squares. Errors are assumed to be Poissonian. The counts given by Huang et al. (1997) are very similar to those of Glazebrook et al. (1994) for Ks 14 mag, but slightly higher for fainter galaxies and would thus result in larger corrections at the faint end. The observations of Glazebrook et al. (1994) are closer to ours in terms of spatial resolution, however the area covered by the survey is much smaller than that of Huang et al. (1997) . As an additional check, we subtracted the counts from Cluver (2008) , which were obtained using the same instrument, observing strategy and exposure times as our cluster survey, over a field of 2.24 deg 2 . These counts are slightly higher than the other field estimates for Ks < 14 mag, possibly due to a slight overdensity at higher redshifts (12000 -15000 km s −1 ) or due to an overestimate of the extinction. These data independently confirm our completeness limit, dropping below the other field estimates for Ks > 14.75 mag. All three fieldsubtracted LFs agree well with the membership fractioncorrected estimate, deviating slightly for Ks > 13.75 mag.
The shape of the luminosity function
The LF, shown in Fig. 6 , is flat for the three brightest bins, increasing thereafter. There appears to be a shallow dip at Ks = 12 mag, corresponding to an absolute magnitude of MK s = −22.18 mag (using a distance modulus of 34.18 mag, see Section 3).
The LF can be fitted with a Schechter function Schechter (1976) of the form The characteristic magnitude, M * , faint-end slope, α, and normalisation, φ * , were found using a nonlinear leastsquares Marquardt-Levenberg algorithm. The resulting parameters are shown in Table 6 and the Schechter functions including and excluding candidates are plotted in the lower panel of Fig. 6 (solid and dotted lines, respectively) .
The effects of removing one or more data points from the fit are shown in Table 6 . The Schechter parameters were found to be robust to changes in the limiting magnitude. Similar values (within 1σ of the fit to all the data) were obtained for all three parameters, using limiting values from Ks = 13.75 mag (excluding the last 2 bins) to Ks = 14.75 mag (including all bins, the solid line in Fig. 6 ).
In some clusters, the fit to a Schechter function is improved by excluding the brightest cD galaxy from the fit (Binggeli, Sandage & Tammann 1988) . In this case, excluding the brightest bin, which contains the two cD galaxies, produces a slightly fainter characteristic magnitude but does not significantly change the results. The fit improved slightly by flagging the dip point (bins Ks = 12 mag and Ks = 12.5 mag), however the characteristic magnitude and faint end slope remain within 1σ of the parameters obtained by fitting all the data. The uncertainty on the parameters is approximately halved. The most dramatic change occurs when both the dip point and the brightest bin are excluded. The normalisation increases substantially and the characteristic magnitude is fainter by more than 1σ. This fit is shown as the dashed line in Fig. 6 . The Schechter function fit to the field-subtracted LF (long dashed line in Fig. 6 ) agrees well with the other fits. The χ 2 parameter, number of degrees of freedom, ν, and probability of obtaining a larger χ 2 , P(> χ 2 |ν), for each fit are listed in Table 6 .
Various statistical tests into the reality of the dip point were performed, including a set of Monte Carlo simulations selecting 10000 random Schechter functions from within the errors of the fitted Schechter function parameters and comparing the resultant distribution with the data. In addition, we used the Bayesian and Aike information criteria to assess whether a more complicated model (a Gaussian at the bright end, with a Schechter, second Gaussian or power-law at the faint end) provides a better fit to the LF (e.g Liddle 2007) . Despite the coincidence of the dip point in our LF with those seen in other LFs at MK s = −22.18 mag, the statistical tests show that the dip in the Norma LF, based on our present data, is not significant. The reality of the dip in the Norma LF can only be ascertained by enlarging the areal coverage and thereby reducing the errors in each magnitude bin. 
Comparison to other luminosity functions
The derived LF of the Norma cluster in the Ks-band is comparable in form to the LFs of other clusters and the field LF. The comparison of the Schechter parameters is not straight forward, however, due to differences in wavelength band, magnitude system, area covered by the survey, depth of the survey, region within the cluster etc. In this section, we compare our LF to that of the Coma cluster, an intermediate redshift cluster, AC118, and the field. All magnitudes from the literature used in the comparison have been converted to H0 = 70h70 km s
The characteristic magnitude for the Coma cluster found by de Propris et al. (1998) 
m 02) and in the H-band (M * H = −23.86 mag) agree well, taking into account the colour difference H −K ≈ 0.22 mag (de Propris et al. 1998) . No errors for M * are quoted in de Propris et al. (1998) , however the 1σ error ellipse shown in their Fig. 2 indicates that 1σ ∼ 0.75 mag. The confidence interval for the LF fit of is even larger (their Fig. 3) . The characteristic magnitude of M * Ks = −25.39 ± 0.80 mag for the Norma cluster is brighter than for Coma, comparing the parameters at face value. Excluding the dip point and brightest bin, the characteristic magnitude of the Norma cluster is M * Ks = −24.54 ± 0.47 mag, within 1σ of these Coma LF determinations.
We obtain an intermediate value of α, ranging from -1.14 to -1.26. This is steeper than the de Propris et al.
(1998) Schechter function fit, but shallower than the powerlaw slope they fit to the faint end, as well as the values of α obtained by and . A number of authors have found a steep faint-end slope for Coma, in the optical (e.g. Secker & Harris 1996 and NIR (e.g. , de Propris et al. 1998 . Most of these studies use statistical background subtraction and extend to fainter magnitudes, thus an upturn in the LF may only occur for fainter magnitudes than considered here. De Propris et al. (1998) find an upturn in the slope for M * + 3 mag, well within the limits of this survey, however. It is possible that a Gaussian or Schechter function fitted to the bright end with a power-law fitted to the faint end is an equally valid assumption of the form of the LF. There has also been a suggestion that the slope in the central region of clusters may be shallower than in the outskirts (e.g. Lobo et al. 1997) , with evidence for this in Coma and AC118 (Andreon 2001) . A similar analysis using fields offset from the center would be necessary to confirm whether this is the case for the Norma cluster.
There is some degeneracy between the Schechter parameters, thus a further comparison can be made by fixing the faint-end slope and re-fitting M * and φ * . The results for various fixed values of α are shown in Table 7 for fits to all the data and the "best fit" case, where the brightest bin and dip points are excluded. The values of α have been chosen to match a selection of those in the literature. The results indicate that M * is fainter and φ * higher for flatter faint-end slopes. For α = −0.98, corresponding to the slope measured by de Propris et al. (1998) for the bright end of the LF, M * agrees well with their characteristic magnitude. For all choices of α > −1.20, M * is within 1σ of the de Propris et al. (1998) and values, in both the fits. A steeper faint slope of α = −1.30, however, produces an even brighter M * which does not agree with previous determinations. The parameters are not well constrained for more negative values of α.
In order to explore the evolution of the LF, we compare the LF of the Norma cluster to that of AC118, a cluster at z = 0.3. The NIR LF of AC118 has been determined by Barger et al. (1996) and Andreon (2001) , with the latter study being one of the deepest determinations of an intermediate redshift cluster LF placing constraints on both α and M * . We note that the Ks-band corresponds approximately to the rest-frame H-band at z = 0.3. The transformation is MH z=0 = MK z=0.3 + 0.09 mag (Andreon 2001 ). An offset of ∼ 0.22 mag, corresponding to the H − K colour, gives the relation
A fixed slope of -1.0 yields a characteristic magnitude in agreement with that of Barger et al. (1996) (M A recent determination of the field LF (Jones et al. 2006) , using the 6dFGS, finds that the Schechter function is not an ideal fit to the LF. The Schechter function is unable to reproduce the flat faint-end slope and drop-off at the bright end simultaneously. Nevertheless, a Schechter function provides a rough approximation to the LF. The Schechter parameters obtained are M * Ks = −24.60 ± 0.03 mag and α = −1.16 ± 0.04. These results are within 1σ of the fit to all the data and very similar to the fit with the dip and brightest bin flagged, given in Table 6 , where all the parameters are free to vary. Even better agreement between the characteristic magnitudes are obtained with a fixed slope of -1.16, as shown in Table 7 . No correction has been made to account for the different types of magnitudes used, however (Jones et al. 2006 subtract 0.135 mag from M * of previous 2MASS LFs to convert from Kron to total magnitude). We also note that 2MASS is known to miss flux from the outer regions of galaxies, as well as low surface brightness galaxies that are bright enough to be included in the sample, which may affect the shape of the LF (see for e.g. Andreon 2002 , McIntosh et al. 2006 . It is somewhat surprising that the agreement with the field LF is so strong, given that the environments are so different. The errors on the cluster LF parameters are much larger than for the field, due to the large number of galaxies used in the field LF determination, and thus the favourable comparison may be fortuitous, rather than supportive of a universal LF.
Mass-to-light estimate
An estimate of the mass-to-light ratio of the Norma cluster was derived using the dynamical mass of the cluster (see also Woudt et al. 2008 ) and the total Ks-band luminosity of the cluster, both within the area surveyed here. The dynamical mass is MRVT = 5.2 ± 0.3 × 10 14 M⊙ and the total Ks-band luminosity is LK s = 5.0 × 10 12 L⊙. The latter includes the 155 candidate galaxies, which only make a minor contribution (0.1 × 10 12 L⊙) to the total luminosity of the Norma cluster. This results in a mass-to-light ratio of M/LK s = 104 ± 6 M⊙/L⊙, which is comparable to the mass-to-light ratio of the Coma cluster (Rines et al. 2001 (Rines et al. , 2004 at similar cluster-centric radii. No attempt has been made to correct for flux coming from galaxies outside of the field covered in this work.
SUMMARY OF RESULTS
The Ks-band LF of the central 0.8h
70 Mpc 2 of the Norma cluster has been determined for MK s ∼ < −19 mag. The Norma cluster is a rich, nearby cluster, comparable to the Coma cluster, yet it has received little attention due to its position near the galactic plane. It has been shown that semi-automated star-subtraction techniques can be effectively used on NIR ZOA data, enabling accurate photometry of galaxies at low latitudes. IRAF routines, encompassing the KILLALL routine of Buta & McCall (1999) , were developed and implemented to remove contaminating starlight. The effects of foreground dust were taken into account using the dust maps of Schlegel, Finkbeiner & Davis (1998) . The detection and photometry of galaxies was done using SExtractor (Bertin & Arnouts 1996) , producing a catalogue containing 390 objects, 235 of which are classified as likely or definite galaxies and 155 as candidate galaxies. The full catalogue is presented in the electronic edition.
The Ks-band photometry was used to construct the LF of the cluster. The number of background galaxies at each magnitude was estimated from the membership fraction of a smaller spectroscopic sample, as well as by subtracting field counts from the literature. The results are summarised as follows: (iv) The fit to a Schechter function is improved by excluding the brightest bin and dip, though this lacks physical motivation. The resultant parameters are M * Ks = −24.54±0.47 and α = −1.16±0.09. This characteristic magnitude is compatible with those of Coma found by de Propris et al. (1998) and .
(v) Both the fit to all the data and the improved fit agree with the Schechter parameters found for the field from the 6dFGS (Jones et al. 2006) .
In this study, the Ks-band LF of the Norma cluster has been determined to the depth of dwarf galaxies over a relatively large area. This provides a benchmark of the LF of a local rich cluster, which can be compared to the Coma cluster and more distant clusters for evolutionary studies. The error bars on the LF are still large however, and future work will aim to provide better constraints on the LF parameters. To work toward this, we increased the survey area. A comparison of the Ks-band LF of the central region from this study, with outer regions or a larger area encompassing the centre, will then be used to investigate trends such as the increase in the faint-end slope of the LF with clustercentric radius and other environmental effects. We also plan to analyse the J-and H-bands, as well as the independently obtained RC -band survey. This would provide insight into the complex make-up of the cluster and give a better understanding of the shape of the total LF and significance of the dip.
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APPENDIX A: PHOTOMETRIC CATALOGUE
The catalogue of objects identified in the Ks-band contains 390 objects, 235 of which are classified as galaxies and 155 as candidate galaxies, as described in Section 4. The photometric properties of these galaxies are given in Table A1.  The table contains where Aiso is the isophotal semimajor axis, ISOAREA is the isophotal area and ELONGATION is the ratio of the semi-major and semi-minor axes. Column 10: Heliocentric velocity in km s −1 from NED 3 , with additional sources from 2dF spectroscopy (Woudt et al. 2009, in preparation) . Column 11: The field/s the object was identified in, corresponding to those shown in Fig. 1 , followed by a photometric flag in brackets. The flag indicates the reliability of photometry in each image in which the object was detected. The number given is the sum of one or more of the following flags: "0" indicates reliable photometry, "1" indicates that neighbouring objects may have an influence on the photometry of the object, "2" indicates that the object was originally blended with another object, "4" indicates that at least one pixel is saturated, "8" indicates that the object was truncated due to proximity to the boundary of an image, "16" indicates that the object's aperture data is incomplete or corrupted, "32" indicates that the object's isophotal data is incomplete or corrupted. If an object is identified in more than one field, the magnitude given in Column 7 is the average of the data from all fields in which the photometric flag is zero. This paper has been typeset from a T E X/ L A T E X file prepared by the author. 
